ABSTRACT: Vestibulo-mediated cardiovascular control in hazardous situations is important. Our hypothesis is that the prerequisite for sudden infant death syndrome (SIDS) is impaired vestibulo-mediated cardiovascular control. Prematurity is a risk factor for SIDS, and postnatal intermittent hypoxia may contribute to this risk. We studied heart rate (HR) and blood pressure (BP) responses in 10 infants with bronchopulmonary dysplasia (BPD) who were born at 27 Ϯ 2.4 (23-30) wk of gestation. Twenty healthy term infants served as controls. Cardiovascular tests were performed under polysomnographic control during slow-wave sleep (SWS) at a corrected age of 12 Ϯ 3.5 (7-19) wk. Control infants showed biphasic HR and BP responses to side motion with an immediate increase followed by a modest decrease and return to baseline. Compared with the controls, half of the BPD infants had altered BP responses (p Ͻ 0.005) without an early increase, followed by a more prominent decrease in BP. BPD infants also presented with a greater variability in BP responses to head-up tilts than did the controls (p Ͻ 0.001). In conclusion, these findings suggest that some BPD infants have impaired vestibular sympathoreflex-mediated cardiovascular control. This dysfunction may become critical in life-threatening situations. V estibular and cerebellar dysfunction has been suggested to be part of the pathophysiology of SIDS (1). Cardiovascular control mediated by vestibular nuclei and the cerebellum are important in hazardous situations such as hypovolemic and endotoxin shock (2,3). More than 80% of SIDS victims have shown neuronal apoptosis in vestibular nuclei and nuclei of the tractus solitarii, which are involved in baroand vestibular sympathoreflexes (4). SIDS victims also present with abnormalities elsewhere in the vestibular sympathoreflex pathway (5-7).
V estibular and cerebellar dysfunction has been suggested to be part of the pathophysiology of SIDS (1) . Cardiovascular control mediated by vestibular nuclei and the cerebellum are important in hazardous situations such as hypovolemic and endotoxin shock (2, 3) . More than 80% of SIDS victims have shown neuronal apoptosis in vestibular nuclei and nuclei of the tractus solitarii, which are involved in baroand vestibular sympathoreflexes (4) . SIDS victims also present with abnormalities elsewhere in the vestibular sympathoreflex pathway (5) (6) (7) .
During normal daily living, vestibular sympathoreflex dysfunction is not expected to have a profound effect on cardiovascular control because several compensatory circuits are involved in control of HR and BP (8, 9) . The dysfunction results in greater variability in BP control during postural changes (10) . Similarly, increased BP variability has been observed in tilt tests performed in infants who have suffered from apparent life-threatening events (ALTEs) (11, 12) , further supporting the idea of vestibular dysfunction in SIDS.
Most SIDS victims have suffered from hypoxia for at least several hours before the lethal event (13) . SIDS victims may also have suffered from hypoxia earlier in life for multiple reasons, including placental insufficiency (14) , intrauterine nicotine exposure (15) , low or very low birth weight (16, 17) , hypoxia related to obstructive apnea events (18, 19) , or unfavorable head position during sleep (20, 21) . Our hypothesis is that hypoxic episodes cause a dysfunction in vestibulo-mediated cardiovascular control, thus making the infant more liable to die in life-threatening situations. To test the possible effects of hypoxia and test our hypothesis, we previously studied infants with univentricular heart who present with chronic hypoxia (22) . All these infants had responses to side motion that were nearly absent, indicating severe dysfunction of vestibulo-mediated cardiovascular control.
Premature infants who develop BPD commonly suffer from intermittent hypoxia during early neonatal period. They also are at increased risk of SIDS (17, 23) . The aim of this study was to examine cardiovascular control in BPD infants. For this purpose, side-motion and tilt tests were performed, and HR variability in quiet nonrapid eye movement (NREM) sleep, and HR reactions to spontaneous arousals were analyzed in 10 preterm infants with BPD at 2-4 mo of corrected age.
METHODS

Subjects.
Ten infants born at 27 Ϯ 2.4 (23-30) wk and 20 full-term, age-matched control infants were studied at corrected ages of 11.4 Ϯ 4.0 (7-19) and 12.1 Ϯ 3.3 (8 -19) wk (p ϭ 0.66), respectively. All preterm infants had BPD (24) and had suffered from intermittent hypoxia despite intensive critical care and ventilatory support (Fig. 1) . Demographic data of BPD infants are presented in Table 1 . The controls were healthy, with an uneventful neonatal history and normal clinical examination, and their growth was within normal limits (25) . The results for 11 of the 19 controls were published previously (22) .
Written parental consent was obtained for all subjects. The study protocol was approved by the Ethics Review Committee of the Hospital for Children and Adolescents, Helsinki University Hospital, Helsinki, Finland.
Study design. The study methods were previously described (22) . All tests were performed at night (2000 -0005 h) while infants were lying supine on a mat with a rigid frame placed on the top of their usual cot mattress. Two to 19 side-motion tests and head-up tilts were performed in SWS until successful tests without signs of arousal were achieved. Polysomnography consisted of continuous monitoring of two electroencephalograms (EEGs) (C3A2, O2A1), one or two electro-oculograms (EOGs), chin and diaphragm muscle surface electromyograms (EMGs), electrocardiograms (ECGs), nasal airflow (RSS100-HR, Hans Rudolph, Kansas City, MI), respiratory movements, SpO 2 , end-tidal carbon dioxide (EtCO 2 ) (Capnomac Ultima ULT-SVI, DatexOhmeda, Helsinki, Finland), and BP (Fig. 2) . BP was measured by the photoplethysmographic technique (Finapres or Finometer, Finapres Medical Systems, Amsterdam, The Netherlands) with the cuff placed around the infant's wrist (26, 27) . Data were collected by either the Amlab (Amlab Technology Pty Ltd., Sydney, Australia) or Siesta (Compumedics, Abbotsford, Australia) polygraphic system with 16-bit amplitude resolution and 100-to 512-Hz data sampling: ECG and EMG signals were collected using 200 Hz (Amlab) or 512 Hz (Siesta), SpO 2 at 1 Hz and other signals using 100 Hz (Amlab) or 128 Hz (Siesta). SpO 2 data shown in Figure 1 were collected automatically by an intensive care monitoring system (Agilent Technologies and Clinisoft, Anandic Medical Systems, Diessenhofen, Switzerland) at a sampling rate of one sample per 2 min during the whole intensive care treatment period.
In the side-motion test, the infant was first elevated in a horizontal position. After a baseline period of Ͼ30 s, a back-and-forth side motion with a radius of 0.5 m was performed within 3-5 s. In the tilt test, the infant was tilted manually from the horizontal position to a 45-degree head-up position in 2-3 s. The tilt position was maintained for 45 s, after which the infant was returned to the horizontal position. The BP measuring cuff was held at heart level throughout the test. After each test, the infant was kept motionless for at least 1 min before another test. Two researchers closely observed the infant for any signs of arousal, such as facial, finger, or hand movements.
Data and statistical analysis. Data were converted into the European Data Format and further analyzed by use of Somnologica sleep polygraphy software (MedCare, Reykjavik, Iceland), together with special purpose software. Sleep staging was performed visually by the researcher using the criteria defined by Guilleminault and Souquet (28) . ECG R-wave and BP systolic and diastolic value detection was done under visual verification from the raw data with the use of special purpose software. All signals were analyzed at the accuracy of the original sampling rate with care to exclude tests with any evidence of arousal, including movements of the face, body, or extremities, or a clear change in EEG frequency beyond the time of the movement artifact caused by the test. It was evident from the preliminary tests that any such arousal event would significantly alter the test results (22) .
One spontaneous arousal from SWS was selected, and the slope of change in HR (beats/min/min) during the first 10 s from onset of that arousal was calculated. HR variability analysis was determined from 2-min segments of steady SWS. The HR variability analyzer used oversampling techniques to (25), and deviation from the mean of the normal population is in parentheses as the z score. GA, gestational age; IVH, intraventricular hemorrhage; L, left; nCPAP, nasal continuous positive airway pressure; NEC, necrotizing enterocolitis; PLV, periventricular leukomalacia; R, right; Surf, surfactant (Curosurf, Chiesi, Parma, Italy); Vent, ventilatory support; O 2 , oxygen supply. 
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interpolate up to 10 times the original 200-or 512-Hz sampling rate. HR variability spectra were calculated from these HR data and integrated over three frequency
RESULTS
The mean polygraphic recording time was 3.3 Ϯ 1.6 h and average total sleep time 2.6 Ϯ 1.3 h. Sleep stage distribution was 30% of light NREM, 46% of SWS, and 25% of rapid eye movement (REM) sleep in controls and, respectively, 26%, 49%, and 26% in BPD infants (p ϭ 0.42). Six controls and five BPD infants had obstructive events during sleep with mean obstructive apnea/hypopnea indices of 0.1 Ϯ 0.3 (0 -1.4)/h and 0.9 Ϯ 1.0 (0 -2.5)/h (p ϭ 0.008). The percentage of arousals in response to tests was similar between the groups. The side-motion and tilt tests were difficult to perform without any signs of arousal in some controls and BPD infants, and thus the number of tests performed varied greatly. On average, successful side-motion tests were achieved after 6.0 tests in the controls and 6.3 tests in the BPD infants (p ϭ 0.86), and after 4.4 and 3.3 tilt tests, respectively (p ϭ 0.29).
Side-motion test. Figure 2 presents a typical reaction of a control infant to side motion and an example of decrease in reaction of BP in one of the BPD infants. Controls consistently showed a biphasic reaction of both HR and BP with an initial increase (p Ͻ 0.0001) followed by decrease [HR, not significant (ns), systolic BP (SBP), p ϭ 0.002, diastolic BP (DBP), p ϭ 0.02] and normalization (Fig. 3) . Half the BPD infants showed clearly altered BP responses to side motion compared with controls, with a mild or absent initial BP response followed by a marked decrease in BP (Fig. 4) . Three BPD infants showed a decrease in HR at start of the side motion, and one of the BPD infants (subject 2) had a flat HR and BP response. Although the mean values did not differ significantly between groups, the intersubject variability of HR 
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(control mean: p ϭ 0.04; group mean: p ϭ 0.13, ns), SBP (control mean: p Ͻ 0.0001; group mean p Ͻ 0.0001), and DBP (control mean: p Ͻ 0.005; group mean: p Ͻ 0.0001) responses from the control and group mean response were significantly higher in BPD infants compared with those in controls. The degree of response deviation from the control or group mean at 10 -15 s from the test onset correlated with none of the following variables: gestational age; estimated amount of total hypoxic exposure (area under SpO 2 of 100% or 85%); number of SpO 2 desaturations Ͻ85% during the early neonatal period (Fig. 1) ; time spent on the ventilator; CPAP support or supplementary oxygen; or the presence of IVH, PLV, NEC, or sepsis during the neonatal period; or drugs used (Table 1) . However, successful tests without evidence of an arousal were obtained with fewer tests in BPD infants with suppressive BP responses (subjects 1, 3, 4, 6, 7) (4.2 tests on average) than in the remaining BPD infants (8.4 tests on average) (p ϭ 0.04); but in both groups, the number of tests did not deviate significantly from those in normal controls.
Head-up tilting. Controls showed marked intersubject variation in HR and BP responses to head-up tilt. On average, the controls presented with an initial increase, followed by a modest but sustained decrease in HR and BP (Fig. 5) . BPD infants presented with a greater intersubject variability in SBP (control mean: p Ͻ 0.0001; group mean p ϭ 0.0001) and DBP (control mean: p Ͻ 0.005; group mean: p ϭ 0.01) responses from the control and group mean than did controls, whereas the mean values did not differ significantly from each other (Fig. 6) . Of the BPD infants, four of 10 presented with sustained increases in BP. The degree of response deviation from the control or group mean at 10 -15 s from tilt onset showed no correlation with gestational age; estimated amount of total hypoxic exposure; number of SpO 2 desaturations Ͻ85% during the early neonatal period; time spent on a ventilator, CPAP, or supplementary oxygen; or the presence of IVH, PLV, NEC, sepsis, or drugs used during the neonatal period.
HR responses to arousal and HR variability. During spontaneous arousals from SWS, HR accelerated at 147 Ϯ 45 beats/min/min in the controls and at 186 Ϯ 58 beats/min/min (p ϭ 0.05) in BPD infants. Between the groups, the baseline HR level did not differ. 
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HR variability results are presented in Table 2 . No significant differences between the controls and BPD infants in LFV, HFV, or LFV/HFV, but TP was modestly increased in BPD infants (p ϭ 0.02). Breathing frequencies were similar between the groups during the 2-min HR variability test periods (p ϭ 0.99). BPD infants with suppressive BP responses (subjects 1, 3, 4, 6, 7) in the side-motion test showed similar increases in HR (p ϭ 0.79) and similar HR variability to those of the remaining BPD infants.
DISCUSSION
We found that a proportion of premature infants with BPD and a history of repetitive short-lasting hypoxic episodes showed altered vestibulo-mediated cardiovascular control at a corrected age of 2-4 mo. This finding was seen as a marked monophasic BP decrease in reaction to side motion in half the BPD infants instead of the biphasic BP reaction in controls, with a short-lasting increase followed by a modest decrease in BP observed in the latter. Altered vestibulo-mediated cardiovascular control is also suggested by the greater intersubject variability in BP responses to head-up tilt than in controls. None of the BPD infants studied showed responses in both side-motion and tilt tests similar to those of the controls.
Only two BPD infants had HR and BP responses to side motion comparable with those of the controls. One BPD infant (subject 2), with substantial neonatal exposure to intermittent hypoxia later followed by intermittent hypoxic episodes due to severe laryngotracheomalacia, had flat HR and BP responses similar to those observed in infants with univentricular heart and sustained hypoxia (22) .
In tilt tests, control infants showed a biphasic response to head-up tilt with an initial increase in HR followed by a sustained decrease in SBP. BPD infants presented with greater intersubject variability in BP responses to head-up tilt than controls. Vestibular dysfunction is expected to result in greater variability in BP during postural changes (10) . Therefore, the increased variability in the present study likely results from the dysfunction of vestibulo-mediated cardiovascular control observed, instead of altered baroreflex function. Of the BPD infants, four of 10 presented with a sustained increase in BP during tilt. Similar responses with an increase in BP have been observed in ALTE infants (11, 12) , in infants with univentricular heart (22) , and in cats after bilateral vestibular lesions (10) .
The current study revealed no specific risk factor or reason for the altered cardiovascular control in BPD infants that would separate the BPD infants with normal from those with altered side-motion and tilt-test results. In particular, the deviation in HR and BP reactions from the average control or BPD infant reaction did not correlate with the extent of hypoxic challenge. Nevertheless, individual vulnerability to hypoxia may be more important in the development of cardiovascular control than is the absolute extent of hypoxic exposure. It is generally assumed that most of the negative effects of prematurity on brain function result from hypoxia (29) .
Another potential cause of this vestibular dysfunction is exposure to gentamicin (10 of 10 BPD infants) with known vestibulotoxicity (30, 31) or vancomycin (nine of 10 BPD infants) with known, but rare, ototoxicity (32) . All BPD infants received gentamicin after birth or during sepsis periods, and all but one received vancomycin as well (Table 1) . Hence, gentamicin-or vancomycin-induced vestibular damage is possible even though (1) gentamicin and vancomycin serum levels were checked and drug dose was adjusted if necessary, (2) all the BPD infants passed auditory brainstem response tests (33) , and (3) neonates are assumed to be more resistant to vestibulotoxic effects of aminoglycosides than are older children and adults (34, 35) . No differences appeared in gentamicin or vancomycin use or in their serum concentrations between BPD infants with a normal or an altered sidemotion response. Altered response to side motion also appeared in one BPD infant (subject 7), with only a short and low serum level exposure to gentamicin and no vancomycin exposure (Table 1) .
One possible reason for the difference observed between the groups may be prematurity itself or the difference in postnatal age. However, no age-related differences existed within the groups in side-motion or tilt test results. Furthermore, in very premature infants, baroreceptor-related cardiovascular control is already intact after birth before 26 wk of gestation along with gradually improving cardiac function (36) .
Despite the altered cardiovascular responses to side motion and tilt, BPD infants showed HR variability similar to that of controls and even increased HR responsiveness to arousal. Traditional cardiovascular studies would therefore have been unlikely to reveal the altered cardiovascular control in these infants. We suggest that, in very low birth weight infants, altered control may contribute to the increased risk of SIDS (16) .
In conclusion, we show that a significant proportion of premature infants with chronic lung disease have abnormal function of vestibulo-mediated cardiovascular control at a corrected age of 2-4 mo. 
